The sustainable in situ regeneration of microbial (biogenic) methane or microbially enhanced coal bed methane ('MECoM') is an emerging concept being investigated globally. Promising results and recommendations of a preliminary culture study of Walloon Subgroup co-produced coal seam gas 
Introduction
Microbial methane can be primary or secondary in origin. Primary microbial methane is generated at low ranks (<0.3 Rv) and largely expelled on burial (e.g. Levine, 1993; Scott et al., 1994) , whereas secondary microbial methane forms post-coalification with the introduction of microbes by groundwater recharge. The sustainable in situ regeneration of microbial methane, or microbially enhanced coal bed methane ('MECoM'; Scott, 1999) , is an emerging concept that has been as a species of Methanosarcina, which are capable of producing biomethane via both the CO 2 reduction and acetate/methyl-type fermentation pathways (S. Papendick, unpubl . data, see acknowledgements; Susilawati et al., 2013) . Collectively, these promising results highlight an opportunity to enhance CSG reserves via in situ stimulation, underlining the need for a site-specific conceptual microbial methane exploration model.
Relating methanogenic pathways and gas evolution to the timing of geological events and processes in the Surat Basin is critical for understanding present-day gas distribution, which in turn represents an ancient analogue for microbial methane generation. Inferred groundwater recharge events in the Middle Jurassic and mid-Cretaceous-Recent (e.g. Faiz and Hendry, 2006; Kinnon et al., 2010; Li et al., 2008) likely played important roles in microbial gas generation and retention but this has not been explored in the literature. This paper represents the culmination of a stepwise basin analysis project ultimately aimed at siting potential in situ bioreactor locations. The objectives of this paper are to: (1) further test hypotheses on gas distribution and origins raised in Hamilton et al. (2012 Hamilton et al. ( , 2014a , using new gas and host coal isotopic data; (2) explore the timing of gas generation; (3) present a conceptual microbial methane exploration model for the eastern Surat Basin; and (4) suggest application of these results to MECoM exploration targeting, based on the known environmental requirements and limitations of methanogens and parallel work undertaken by The University of Queensland (UQ) (Australian Research Council (ARC) Linkage bioreactor project: LP100200730).
Context: present-day gas distribution and origins

Previous work
Primary conclusions of the subsurface desktop study by Hamilton et al. (2012) were that gas content either (1) increases; (2) increases, then decreases; or (3) decreases with depth, and that the majority of Walloon Subgroup CSG wells display a positively parabolic (Trend 2) profile, which inflects around the Tangalooma Sandstone regardless of depth. As a result, a number of initial hypotheses for gas distribution and origins were proposed and discussed.
The origins of these gas content profiles were subsequently tested using stable isotopes of desorbed gases from three cored wells (Hamilton et al., 2014a) . These wells exhibited positively parabolic δ 13 C-CH 4 profiles, with maxima in the stratigraphically central coal seams (Fig. 4 ). δ 13 C-CH 4 values tracked total gas content in 2 of the wells, while the third showed lower δ 13 C-CH 4 variance
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4 and a uniform increase in gas content with depth. The mean δ 13 C-CH 4 composition (-51.4‰) across all wells was consistent with mixed microbial/thermogenic origins. However, gas compositions were dry, methane and CO 2 both showed systematic 13 C-enrichment trends and δD-CH 4 values displayed relatively low down-hole variability (cf. Figs. 4, 5) , suggesting that Walloon Subgroup CSG is dominantly secondary microbial methane generated via the CO 2 reduction pathway. As such, Hamilton et al. (2014a) concluded that variability in extent of hydrogenotrophic methanogenesis and associated finite reservoir effects caused stratigraphic differences in total gas content and δ 13 C-CH 4 .
This study
Targeted geochemical sampling was undertaken to: (1) further test the interpretation of hydrogenotrophic methanogenesis/finite reservoir effects; and (2) further explore the role of the stratigraphy on δ 13 C-CH 4 inflection profiles.
Stratigraphic coal bed gas samples were collected from a fourth well for paired gas isotopic and molecular compositional analysis. A total of n=13 samples were collected during routine coal core canister desorption of a shallow CSG appraisal well on the Undulla Nose ('Desorption well 4'; Fig. 1 ).
Gas isotopic and molecular compositional values were compared against gas content, coal rank and coal composition to assess for correlative trends. Desorption suite 4 includes coal samples through the Juandah and Taroom Coal Measures from 122 to 322 m depth. The shallowest coal seams contained insufficient gas for compositional analysis. Earth Data Pty Ltd performed all gas desorption and proximate analyses and Energy Resources Consulting, Australia conducted all petrographic analyses.
Secondly, bulk δ 13 C org analysis was performed on representative powdered coal core samples from desorption well 3 (n=34) on the Kogan Nose. Comparison was made between the host coal isotopic values and the δ 13 C-CH 4 and δ 13 C-CO 2 profiles shown in Figs. 4 and 5, respectively. Strong positive correlations would be expected in a dominantly thermogenic system. The full suite of desorption results and coal properties for this well are reported elsewhere (Hamilton et al., 2014a) .
Details on analytical methods are given below.
Desorption gas sampling for compositional and stable isotopic analysis -Undulla Nose (Desorption well 4)
Canister-desorbed coal bed gases were collected by Earth Data Pty Ltd. Mid-desorption 'B' gases were sampled as these are likely to be most representative of the bulk coal bed gas composition
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5 (see Hamilton et al., 2014a; Strąpoć et al., 2006 were performed on samples with a beam size beyond the analytical working range of 1 x 10 -9 to 9 x 10 -9 Å, or with δ 13 C org variation between duplicates of >0.4‰. Sample precision is quoted at 0.1‰. tracks liptinite, which shows a weak positively parabolic trend with depth throughout the Surat Basin (Hamilton et al., 2012; Ryan et al., 2012) . The liptinite and vitrinite profiles are similar to those observed for desorption wells 1, 2, and 3, and Walloon Subgroup coals in general; however; the inertinite profile is different (cf. Hamilton et al., 2012 Hamilton et al., , 2014a Ryan et al., 2012; Scott et al., 2004 Scott et al., , 2007 . Across the study area, inertinite group macerals are commonly present, albeit at low levels, in the upper Juandah coals only; however, here they are also present in the Taroom coals. A C C E P T E D M A N U S C R I P T
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Conceptual exploration targeting for MECoM, R1 6 (n=13) ( Table 2) , spanning the microbial and mixed microbial/thermogenic fields of Whiticar et al. (1986) . Total gas content (lost + canister-measured + residual gas liberated on crushing; Australian Standard, AS3980-1999) increases uniformly with depth, ranging from 1.7 to 4.7 m 3 /t (2.8 to 5.9 m 3 /t d.a.f.). Concentrations of CH 4 and CO 2 are fairly stable with depth. Ethane concentrations, although low, show a peak in the central coal seams that has variably been identified in other wells (Hamilton et al., 2012) . Overall, the gas content and molecular compositional trends appear to be uncorrelated (Fig.   7 ). The gas dryness (C 1 /(C 2 +C 3 )) and δ 13 C-CH 4 values point to a dominantly microbial source for the methane in desorption well 4 (Fig. 8 ). (Gröcke, 2002) and similar to those of underlying Bowen Basin coals (Boreham et al., 2001) . A positive δ 13 C org excursion has consistently been identified in the top third of the sequence. The lower part shows a further positive δ 13 C org excursion or a uniform, relatively depleted trend with depth depending on geographic location (Fig. 9 ).
In the study area, the Walloon Subgroup records a southerly prograding fluvial system . Results of basin and maceral analysis (D. Pacey, unpubl. data; Hamilton et al., 2014b;  this paper), as well as chemo-and biostratigraphy (Martin et al., 2013) imply a maximum flooding surface (MFS) in the Lower Juandah Coal Measures, which marks a transition from deepening-to shallowing-up strata. Above this MFS, progressive 13 C-enrichment of the coals is interpreted to reflect changing climatic and depositional conditions (increasing aridity and/or water table fluctuation).
These changes manifest as slightly higher inertinite contents and/or thicker vitrain bands in the younger coals depending on local depositional setting (e.g. D. Pacey, unpubl. data). Consistently, the greater thickness and 'pod-like' nature of the youngest coals suggest that upper Walloon peat mires were more stable, creating a higher potential for oxidation and combustion (e.g. Leblang et al., 1981; Scott et al., 2007; Sliwa and Esterle, 2008; Yago, 1996) . A possible second 13 C-depletion shift occurs in the upper seams, but is less well-constrained owing to erosional truncation. Overall, δ 13 C org values The interpretation of a dominantly microbial system has significant implications for successful MECoM application. Understanding the controls on present-day gas content profiles and geographic CSG trends is critical for developing a conceptual microbial methane exploration model for the identification of trial sites. Optimum locations for microbial methanogenesis are the product of several site-specific factors. This is discussed in the next section.
Potential targeting criteria for an in situ subsurface coal bioreactor location
Recently, there has been considerable work on microbial methanogenesis in coal seams (e.g. Green et al., 2008; Harris et al., 2008; Jones et al., 2010; Klein et al., 2008; Papendick et al., 2011; Penner et al., 2010; Singh et al., 2012) , reflecting the potential for sustainable regeneration of methane from engineered coal bioreactors. However, linking these bodies of research to MECoM exploration is still in its infancy, and there is no generally accepted exploration model. Nonetheless, a review of the relevant microbiological and geological literature permits the development of a generalised conceptual exploration model. Potential targeting criteria for an in situ coal bioreactor location include:
(1) viable methanogens;
(2) biogasification reaction rates; (3) bioavailable/biodegradable coal; (4) temperature;
(5) water quality; and (6) permeability.
Indeed, these factors can also influence present-day gas-in-place. This section discusses the spatial variability and relative importance of these factors in methanogenesis across the eastern Surat Basin, drawing on relevant studies of the internal architecture, CSG characteristics and in situ bioreactor potential of the Walloon Subgroup.
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Viable methanogens
The introduction of a microbial consortium may not be necessary if indigenous microbes are already present that are capable of producing, or currently produce methane (Faison, 1992) . As mentioned above, enrichment culture studies (Papendick et al., 2011) have established the presence of viable methanogens in Walloon Subgroup CSG waters (cf. Li et al., 2008) . Analysis of 14 C in Walloon coal bed associated waters from the Undulla Nose (0.11 to 0.84 pmC; age: 38,350 to >52,000 years before present (B.P.)) indicates that Walloon coals along the eastern production fairway were likely recharged in the last ~50,000 years (limit of radiocarbon dating) (K. Baublys, unpubl. data). 14 C dates at shallower depths on the Kogan Nose range from 32,400 to 38,300 years 
Hamilton et al., 2014a). These findings support the hypothesis that microbial methane in the eastern
Australian coal basins accumulated after regional uplift and meteoric recharge in the Late
Cretaceous and Tertiary (e.g. Draper and Boreham, 2006; Faiz and Hendry, 2006; Golding et al., 2011 Golding et al., , 2013a Golding et al., , 2013b Kinnon et al., 2010; Li et al., 2008; Smith and Pallasser, 1996) . An additional study (coupling production gases and waters; K. Baublys) is in progress.
Based on relationships in the Eromanga Basin and the similar depositional histories of the Surat and Eromanga basins, a regional unconformity of latest Callovian(?) -latest Oxfordian(?) duration has been interpreted at the base of the Springbok Sandstone (Figs. 2, 3; McKellar, 1998) .
This raises the additional possibility of microbial inoculation and early secondary microbial methane generation in Walloon Subgroup coals prior to maximum burial (~1 km) around the midCretaceous (Raza et al., 2009) . Surat burial history models indicate peak palaeotemperatures of 60 to 100 °C (Raza et al., 2009) C calcite ) would assist hypothesis testing for one or more phases of microbial gas generation.
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Reaction rates and water flushing
Reaction rate is another major factor affecting the economic viability of MECoM (Klein et al., 2008; Scott, 1999) . Cui et al. (2004) estimated that water-flushing can potentially redistribute methane and carbon dioxide over relatively short geological time periods. In considering this possibility, Klein et al. (2008) emphasised that the timeframe for microbial methane regeneration with addition of meteoric water needs to be fully understood for successful MECoM. Water washing is also important from the perspective that it can displace organic intermediate accumulations that serve as precursors for methanogenic substrates such as acetate and H 2 (e.g. Furmann et al., 2013a; Gao et al., 2013; Orem et al., 2010) . In the preliminary Walloon trial (Papendick et al., 2011) , Taroom coal inoculated with Roma region formation water generated methane at rates of up to 0.9m 3 /t/day with overall yields of 3.64 to 6.17 m 3 /t. Significantly lower rates and overall yields were observed for Taroom increased rates of microbial CO 2 utilisation as a possible explanation for the generally higher gas contents in the central coal seams of the Walloon Subgroup. These seams may be less saline owing to higher permeability (from better cleating and higher vitrain contents: D. Pacey, unpubl. data; Ryan et al., 2012) ; however, detailed groundwater studies are needed to quantify differences in water chemistry and flushing rates. Different coal macerals biodegrade at different rates, with the biogasification rates of liptinite macerals generally exceeding those of other maceral groups (Hunt, 1979; Isbister and Barik, 1993; Scott, 1999) . By contrast, Furmann et al. (2013a) reported higher methane yields for extracts from vitrinite-rich coal than from similar rank coal with greater liptinite and inertinite contributions (Furmann et al., 2013a) . It is unclear how maceral composition contributes to methanogenesis in the Walloon Subgroup, as near-identical maceral group trends have been observed for wells with contrasting gas content profiles (Hamilton et al., 2012 (Hamilton et al., , 2014a .
Complementary coal-to-methane culture studies investigating reaction rates and maceral degradation were recently begun at UQ to address this problem. Maceral composition will undoubtedly influence methanogenesis via the contribution of bioavailable moieties, and may also impart a control on cleat and joint spacing; however, evidence so far suggests that in situ
methanogenesis in the Surat Basin is primarily controlled by the hydrology (see Sections 3.3, 3.4 and 4).
Bioavailability
The production rate of microbial methane generated in coal seams is a function of coal surface area, solubility, permeability and microbial cell concentration (Wang et al., 2010) . Scott (1999) hypothesised that gas generative potential is proportional to the coal surface area (a function of cleat spacing) and the volume of coal consumed by microbial processes operating within the cleat system. Laboratory experiments by Green et al. (2008) (Powder River Basin) and Papendick et al. (2011) (Surat Basin) identified a direct relationship between methanogenesis rates and coal particle surface area, indicating that consumption of poorly-cleated low-rank coal is mass transfer limited. In both studies, methane production rates and yields increased with the addition of surfactants that served to enhance coal bioavailability, albeit ground coal particles were used.
Accordingly, Green et al. (2008) suggested that the environmental factors affecting mass transfer
should be used to screen for prospective MECoM sites (temperature, coal surface area and pH).
Temperature and water chemistry are discussed separately in Section 3.4. In this context, Scott (1999) had previously proposed that estimated in situ coal surface area be used as a screening criterion. Coal surface area is related to cleat development, which is a function of coal rank, type, ash content and geometry (Laubach et al., 1998 The microbial ecology of coal seams is also a function of coal rank, type, ash content and geometry. Although secondary microbial methanogenesis is possible in coals of any rank (Rice, 1993; Scott, 1999; Strąpoć et al., 2011) , coal bioreactor studies invariably use lignites and subbituminous coals, due to the observed decrease in microbial activity with decreasing coal oxygen content (Jones et al., 2008; Scott, 1999; Strąpoć et al., 2011) . Moreover, laboratory studies have demonstrated specificity between indigenous microbial consortia and coal type in some settings (e.g. Barik et al., 1991; Machnikowska et al., 2002; Midgley et al., 2010) . The selective degradation of hydrogen-rich liptinite was demonstrated to effect methanogenesis from Texas lignite (Barik et al., 1991) . Conversely, petrographic analysis by Machnikowska et al. (2002) found
liptinite concentrated in the biodegradation residues of a Polish subbituminous coal. In a more recent study, solvent extracts from vitrinite-rich Illinois Basin coals were found to contain higher yields of biomarkers than vitrinite-poor coals of similar rank from the same basin, and produced more methane under laboratory conditions, suggesting greater bioavailability (Furmann et al., 2013a (Furmann et al., , 2013b . The percentage of ash (mineral matter content) controls both the amount of organic matter available for microbial consumption and the adsorption capacity of the coal. Mineral matter content in coal can be primary, due to the influx of water or wind-born clastic sediment in the peat phase, or secondary precipitates from fluids moving through the coal. The literature contains numerous examples of strong relationships between coal bed geometry, and the spatial distributions of ash yield and coal type (e.g. Li et al., 2001 ).
Correlation of laboratory Walloon Subgroup coal-to-biomethane data (i.e. favoured substrates) with coal properties and composition may help to identify the best in situ stimulation sites, particularly with improved understanding of the spatial variation in these parameters (e.g. D.
Baltruweit, unpubl. data, see acknowledgements). Previous field investigations (Hamilton et al., 2012 (Hamilton et al., , 2014a found only weak correlations between gas content, and coal grade, rank and type, but this could be due to multiple phases of gas generation, a lack of specificity between indigenous microbial consortia and coal type and/or the predominance of other coal bed environmental factors including recharge and water chemistry (Hamilton et al., 2012) . So far the effect of ash yield on gas content has been interpreted as minimal for Walloon Subgroup coals (Hamilton et al., 2012 (Hamilton et al., , 2014a  cf. Doig and Stanmore, 2012) . Rank (R o 0.35-0.70%) (Beeston et al., 1997; Salehy, 1986; Scott et al., 2007; SRK Consulting, 2008) increases erratically with depth, regardless of the co-existing gas content profile. Walloon coals are unlikely to be a major source of thermogenic gas in the study area, with the range of vitrinite reflectance values corresponding to the early stages of thermogenic hydrocarbon generation. Coals at the base of the oil window (0.5-1.3% R o ) (Tissot and Welte, 1984 ) are expected to be particularly amenable to MECoM studies because they contain a higher fraction of biodegradable moieties (hydrogen-rich organic compounds) needed to support indigenous microbial consortia. Walloon Subgroup coals in particular contain abundant hydrogenrich organic components (Cameron, 1970; Khavari-Khorasani, 1987 ) (liptinite: average 22.5%; perhydrous vitrinite group macerals: average 75.4%) (Hamilton et al., 2012) and have an average hydrogen content of 6.2% (d.a.f.) (Pinder, 2004) , which are thought to make them particularly biodegradable.
Recent studies of coal geometry (Ryan et al., 2012; Sliwa and Esterle, 2008) and vertical lithofacies associations Martin et al., 2013 ) identified significant variation
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12 across the stratigraphy and the eastern Surat Basin. There is consensus that hydrodynamic effects, influenced by coal seam morphology and connectivity, influence gas characteristics but disagreement on the stratigraphic variability in these parameters. A key discrepancy is the interpretation of more continuous coal seams in the central to lower half of the sequence (Sliwa and Esterle, 2008) versus the Upper Juandah Coal Measures and Taroom Coal Measures (Ryan et al., 2012) . Results of gas stable isotope analysis (Hamilton et al., 2014a ; this study) support the former interpretation (see Section 4).
Temperature, water quality, permeability
Although there is limited research on the effects of temperature on MECoM, it is considered to be an important factor because of its effect on metabolic activity and coal solubility.
Methanogens have been found at temperatures ranging from 2 to 110 °C (Zinder, 1993) ; however, the optimum temperature range for microbial gas generation is generally taken to be 35 to 45 °C because most methanogens are mesophilic with temperature optima of ~ 35 °C (Oremland, 1988; Zeikus and Winfrey, 1976) . Laboratory incubation studies indicate a positive correlation between methanogenesis rates and temperature (e.g. Green et al., 2008) . In that study, the maximum methane production rate increased by 300% across an incubation temperature range of 22 to 38 °C. Higher methanogenesis rates may be attributed to: (1) growth kinetics and enhanced cell metabolism; and (2) an increase in the aqueous solubility of coal substrates with temperature, enhancing dissolution rates (Green et al., 2008) .
Methanogens are commonly considered strict anaerobes (Zinder, 1993) ; of importance to this study is that methanogens cannot grow or produce methane in environments where the redox potential is greater than -300 mV (Hungate, 1967) , or where the groundwaters are high in sulfate. In high-sulfate waters, methanogens tend to be outcompeted by sulfate reducers for carbon substrates Scott, 1999; Waldron et al., 2007) . Higher salinity is also known to inhibit methanogenesis (Waldron et al., 2007) . The optimum pH for methanogenesis is near neutral (Jones et al., 1987) ; however, an acidic pH may enhance methanogenesis rates by enhancing coal solubility (Faison, 1992) .
Coal seam permeability is confined to the cleat system because coal pores are essentially isolated. Thus, microbial access is generally limited to cleat and fracture surfaces (Faison, 1992; Scott, 1999) . As such, it is generally taken that MECoM should target areas of enhanced permeability and cleat development.
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In the case of the Walloon Subgroup, enhanced permeability (Hamilton et al., 2014a) and favourable water chemistry (Papendick et al., 2011 ) are likely to be vertically and laterally important factors. Reservoir temperature appears uncorrelated to down-hole gas content, at least in terms of methanogenesis and gas retention. The temperature profiles (Geological Survey of Queensland, 2013) of positively parabolic ('Trend 2') wells simply increase with depth, and inverse ('Trend 3') wells display a gas content decrease exceeding the theoretical decrease in adsorption capacity with increasing temperature (Hamilton et al., 2012) . Geographically, slightly higher geothermal gradients occur in places along the Walloon subcrop trend (Fig. 10) . It is unclear whether these have an overprinting effect on the extent of methanogenesis in the eastern Surat
Basin. The overall pattern is similar to that of coal permeability (see Section 4). Along the CSG production fairway in the eastern Surat, current in situ coal bed water chemistries (sodiumbicarbonate-chloride type: mean total dissolved solids ~4000 mg/L, generally low sulfate 
Conceptual model
An early stable isotope study of production gases (collected 2005-2006) suggested that Walloon Subgroup methane is largely secondary microbial in origin, generated by the reduction of CO 2 (cf. Draper and Boreham, 2006) . Consistently, Day et al. (2006) suggested that present-day gas contents are linked to in situ microbial methane production. The results of Hamilton et al. (2012 Hamilton et al. ( , 2014a , this paper) are in general agreement; however, the integration of stratigraphically placed data on the molecular and isotopic composition of desorbed gases, host coal properties and spatially associated waters through the core production zone has provided more detailed information, leading to refined hypotheses on gas distributions and origins, and the relative importance of thermogenic gas.
Hydro-geological factors and processes govern gas content distribution and origins in the Walloon Subgroup in the eastern Surat Basin. Large (formation-scale) lithological heterogeneity Hamilton et al., 2014b) of the Walloon Subgroup influences the extent of
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14 secondary microbial methane generation, which is a primary control on gas content, gas isotopic composition, and the degree of relative saturation (as in the Sydney Basin: Faiz and Hendry, 2006) .
Stratigraphic changes in coal character influence fracture and banding permeability, which affects microbe ingress and coal bioavailability. Porosity (generally <15%) and water permeability values of Walloon Subgroup sandstones are low (generally <2 mD) (Geological Survey of Queensland, 2013; Martin et al., 2013) . In contrast, coal permeability values up to 500 mD have been recorded across the eastern Surat Basin, with the permeabilities of lower Juandah coals (generally 10-100 mD) generally exceeding those of the upper Juandah and Taroom coals (<5 mD) (Ryan et al., 2012; Scott et al., 2007) . As such, methane generation was probably triggered by microbial inoculation via the coals.
We suggest that methanogenesis (microbial CO 2 reduction to methane) is linked to meteoric recharge, coal seam permeability, cleat development and groundwater recharge direction in the Surat
Basin. Moreover, Walloon Subgroup δ 13 C-CH 4 and δ 13 C-CO 2 values reflect the extent of methanogenesis, rather than the degree of thermogenic influence or the dominant methanogenic pathway (Hamilton et al., 2012 (Hamilton et al., , 2014a . Contrary to Draper and Boreham's (2006) hypothesis, relative 13 C-enrichment in Surat production gases is primarily the result of microbial substrate (CO 2 ) depletion as opposed to thermogenic charge. In contrast, comparable methane carbon isotope compositions Wales are attributed to solely thermogenic origins (Doig and Stanmore, 2012) . Such patterns are common where coal measures span multiple structural domains with different burial and hydrodynamic histories (e.g. Strąpoć et al., 2007 Strąpoć et al., , 2008 .
Within individual Surat boreholes, low C 2+ concentrations and δ 13 C-C 2+ values are more consistent with limited in situ early thermogenic gas production, than with migration from the underlying Bowen Basin as suggested by Draper and Boreham (2006) . Oddly, low but measurable concentrations of the C 2+ hydrocarbon species occur throughout the stratigraphic section, including the shallower (<400 m) coals, raising the possibility that in situ microbial production of C 2+ hydrocarbons has occurred at shallower levels (e.g. Oremland, 1981; Oremland et al., 1988) .
Origin of gas content profiles
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As mentioned previously, three down-hole gas content trends (1: increasing; 2: increasingdecreasing; 3: decreasing) have been identified in the eastern Surat Basin. The majority of Surat wells show a positively parabolic gas content trend ('Trend 2': Hamilton et al., 2012) . This coupled with gas stable isotopic data (Hamilton et al., 2014a , this study) implies a higher intensity of microbial activity in the central coal seams that are conduits for focussed meteoric and microbial recharge from subcrop areas to the north and east (eastern intake beds of the Great Artesian Basin;
see Fig. 1 ). In these seams, increased rates of methanogenesis and substrate depletion manifest as less negative methane carbon isotope values; i.e. the reactant carbon reservoirs have undergone greater fractionation. Methane δ 13 C values from the upper and lower seams are consistent with 'early-stage' methanogenesis, while those from the central seams imply later stage methanogenesis (see Bates et al., 2011; Draper and Boreham, 2006) .
Methane δ
13 C values suggest that finite reservoir effects are also operating down groundwater flowpaths. Fig. 11 presents a conceptual model for the coupled stratigraphic trends in gas content and δ 13 C-CH 4 identified to date. While it is acknowledged that this study comprises only 4 wells, δ 13 C-CH 4 values do generally decrease towards subcrop at a given level of the stratigraphy. If rate-limiting nutrients were supplied by meteoric recharge, one would expect the extent of methanogenesis (and δ 13 C-CH 4 ) to be higher at shallower depths near the basin margins.
However, the opposite relationship is implied between flowpath length and extent of methanogenesis. More negative, 'microbial' δ 13 C-CH 4 values occur closer to the subcrop margin, implying less relative enrichment of the residual CO 2 pool and derived methane. In the study area, longer groundwater residence times may promote increased rates of methanogenesis through: (1) more favourable major ion chemistry; and (2) a greater concentration of nutrients derived from in situ coal dissolution. This agrees with the interpretation that most primary CO 2 is likely sourced in situ via microbial degradation of coal intermediates, and the systematic depletion trends observed in the water isotope data (δD-H 2 O and δ 18 O-H 2 O) (Hamilton et al., 2014a) . It also provides a mechanism for the restriction of 'Trend 1' profiles to shallower depths (top Walloon Subgroup <300 m; see Hamilton et al., 2012) . For Trend 1 wells, methane δ 13 C inflects but gas content does not. The extent of methanogenesis in the central, more permeable seams is comparatively lower than further down the flowpath. This implies degassing towards the subcrop margin over geological time and/or flushing, resulting in a partially open system.
In some cases, the lower Taroom seams in Trend 1 wells have gas contents comparable to the central seams of Trend 2 wells drilled at considerably greater depths (desorption well 1 schematic in Fig. 11 ). Regionally, anomalously high gas contents are limited to the central to upper
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16 coal seams in Trend 2 wells, but may occur across all formations in Trend 1 wells (Hamilton et al., 2012) . Relatively little has been published on permeability; however, it appears that down-dip permeability deterioration may be more pronounced for Taroom coals (Ryan et al., 2012) and could have limited microbial ingress to deeper parts of the fairway.
With these interpretations in mind, we hypothesise that: (1) relative differences in permeability, both stratigraphic and within-formation; and (2) flowpath length are the main determinants of gas content profile.
Locally higher gas contents due to permeability barriers/seam splitting
It is plausible that the poor reservoir characteristics of the interseam clastic strata create pockets of stagnation. For example, low porosity/low permeability sandstones of the Juandah Sandstone may have locally baffled groundwater flow, leading to increased groundwater residence times, enhanced methanogenesis and inverse gas content profiles ('Trend 3' wells) (Fig. 11 ). This is supported by the spatial association between Trend 3 wells and truncated remnants of the upper, sandier part of the Juandah Coal Measures cf. Hamilton et al., 2012 cf. Hamilton et al., , 2014a cf. Hamilton et al., , 2014b ) that have not been removed by the erosive base of the overlying Springbok Sandstone. The effect of disrupted coal seam continuity by fluvial channels/seam splitting needs to be further investigated. Unfortunately, the origin of Trend 3 could not be geochemically tested with the present dataset.
Lateral variability of methanogenesis
In the Surat Basin, permeable coals are generally confined to shallow depths (typically <600 m below ground level) ( Fig. 12 ; Ryan et al., 2012) . Locally enhanced permeability has resulted from rotations in the principal horizontal stress direction around major structures (e.g. Johnson et al., 2010) .
At a high level, gas content can be considered a good first order indicator of the extent of methanogenesis. Regional gas content mapping (Hamilton et al., 2012) supports our interpretation that in situ biomethane production reflects the interplay of coal permeability with surface drainage systems along the subcrop margin. Total gas contents are highest in areas with high-permeability coals. The Surat Basin 'sweet spot' occurs at shallow depths on the Undulla Nose structural high. Here, the coals are highly permeable and better-cleated (Ryan et al., 2012; Scott et al., 2007) , and the surface drainage direction parallels regional dip, likely enabling greater meteoric and microbial recharge. Furthermore, in places, the Undulla Nose is overlain by thick floodplain alluvium that may act as a hydrodynamic
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Conceptual exploration targeting for MECoM, R1 17 seal and further enhance recharge (Fig. 12) . By contrast, the highest gas contents in San Juan Basin, USA coals are in synforms (Scott, 2002; Scott et al., 1994) . The basin-ward influence of microbial recharge on the Undulla Nose has been quantified at 30-40 km from subcrop versus 20-30 km for the remainder of the Surat Basin (Creech and McConachie, 2014) . The dominance of microbial methane is evident in the good correlation between methane saturation and coal permeability mapping, with parts of the Undulla Nose having methane saturation values >90% (cf. Fig. 12 ; Creech and McConachie, 2014) .
As mentioned in Section 4.1, differing gas content profiles are interpreted to reflect flowpath length and inter-and intra-formation permeability deterioration and as such, are not restricted to particular anticlines or groundwater catchments. Individual well gas content profiles are overprinted by geographic changes in hydrology (e.g. coal permeability, water quality, extent of meteoric recharge, flushing), which further influence microbe ingress, microbial cell concentration, groundwater residence time and gas retention. For example, gas content parabolas are more convex in the Undulla Nose gas content sweet spot (Hamilton et al., 2012) . The absolute gas content values comprising a profile will also vary laterally depending on the degree of gas loss from uplift and erosion, and the gas adsorption capacity of the coal.
Implications for microbially enhanced coal bed methane (MECoM)
The primary purpose of UQ's bioreactor research program is to investigate the geological, engineering and microbiological requirements to apply methanogenesis technology in the Surat Basin.
The integration of basin-specific datasets has established the Walloon Subgroup CSG play as a dominantly microbial system with significant in situ bioreactor potential. Based on current understanding, one could target the central coal seams where the extent of methanogenesis appears to be greater, or alternatively, the uppermost Juandah Coal Measures and lower Taroom Coal Measures, where substrate (CO 2 pool) depletion is less evident and the fraction of feedstock remaining is potentially higher. In the latter case, coal seams of the uppermost Juandah Coal Measures may be superior targets as the permeability is likely to be greater at shallower levels. Powder River Basin field trials demonstrated the importance of coal seam permeability and coal surface area contact. In the study by Ulrich and Bower (2008) , in situ acetate utilisation and microbial activity measurement are thought to have benefited from extensive dispersal, dilution and migration of nutrient-amended formation water injected into the coal seams.
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Whether higher  13 C-CH 4 and  13 C-CO 2 values are good or bad for stimulation likely depends on the stimulation method. If coal surface area and permeability are the most important factors for MECoM, it is reasonable to assume that hydrofracture stimulation and/or surfactant addition would be beneficial in historically prospective coal seams with higher present-day gas contents and  13 C values.
In this context, there is a building case to target the central, more permeable coal seams with higher gas and liptinite contents in a depleted/underperforming well on the Undulla Nose (Fig. 12) . Parallel coal-to-methane culture studies are underway investigating reaction rates, methane yields and maceral degradation (Zheng et al., unpubl. data, see acknowledgements) for a stratigraphic profile of coal samples inoculated with a Surat Basin enrichment culture -to test if the central coal seams contribute more bioavailable moieties, and further inform the targeting process. For stimulation techniques incorporating nutrient and/or microbial consortia amendment, coal surface area/permeability would remain important, whereas historical prospectivity may be less so.
Another key problem is understanding why CO 2 concentrations show a fairly stable to slight increase with depth, rather than being lower in the central seams that exhibit evidence of greater substrate (CO 2 pool) depletion. One possibility is that the degradation of organic matter that yields precursors for methanogens (i.e. CO 2 ) keeps approximate pace with microbial consumption (personal communication, anonymous reviewer); under this scenario, pool depletion isotope effects would still be possible owing to the faster utilisation of 12 CO 2 by methanogens. This is a topic for future research.
Conclusions
Results of a sequential investigation into the geological controls on methanogenesis have refined hypotheses on in situ gas distribution and origins and the potential for MECoM in the Walloon Subgroup. The Walloon Subgroup CSG play is almost entirely microbial in origin. Hydro-geological factors and processes govern gas content distribution and origins in the eastern Surat Basin.
Methanogenesis is linked to meteoric recharge, coal seam permeability and cleat development. Higher 19 interpreted to reflect flowpath length and inter-and intra-formation permeability deterioration.
Individually, these gas content profiles are overprinted by geographic changes in hydrology (e.g. coal permeability, water quality, extent of meteoric recharge, flushing), which further influence microbe ingress, microbial cell concentration, groundwater residence time and gas retention. (Hamilton et al., 2014a; this study) n=76 n=89 n=16 n=16 Draper and Boreham (2006) -212 -217 -207 -56.1 -57.3 -54.2 -19.5 -31.9 -10.4 36.5 22.3 46.4 production gas n=9 n=9 n=6 n=6 a Desorbed gas statistics are for desorption well 3 (n=15) and desorption well 4 (n=1) Gas molecular composition data are reported on an air-free basis. Where necessary, gas dryness values were calculated using the reported detection limit (0.01) for ethane and propane. n.d. -not detected. Blank space -no data. 13 C-CO 2 and (b)  13 C(CO 2 -CH 4 ) for desorption well 3. The fractionation of carbon isotopes between CO 2 and CH 4 ranges from 51.1‰ to 58.9‰ (1.05 ). Overall, the isotopic difference remains fairly consistent, suggesting dominance of the microbial CO 2 reduction pathway. Modified from Hamilton et al. (2014a) . Vertical profiles of (a) δ 13 C-CH 4 , (b) total measured gas content of coal core samples and (c) gas molecular composition for desorption well 4 on the Undulla Nose. Walloon Subgroup δ 13 C-CH 4 profiles inflect around the Tangalooma Sandstone. See Fig. 1 for well location. Fig. 8 . Gas dryness (C 1 /(C 2 +C 3 )) versus  13 C-CH 4 for desorption wells 1-4. Also shown are CSG production gases from the Bowen Basin, Queensland (Kinnon et al., 2010) , shale gas samples from the Michigan Basin (Martini et al., 1998) and gases from organic-rich shales of the northern Appalachian Basin . Table 2 . Desorbed gas molecular composition and compound-specific isotopes for desorption well 4 on the Undulla Nose (this study). Table 3 . Bulk δ 13 C org data for desorption well 3 (this study).
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Conceptual exploration targeting for microbially enhanced coal bed methane (MECoM) in the Walloon Subgroup, eastern Surat Basin, Australia
HIGHLIGHTS:
 Sequential investigation into the geological controls on methanogenesis.  The Walloon Subgroup CSG play is a formation-scale finite reservoir system.  Gas is dominantly secondary microbial methane generated by CO 2 reduction.  δ 13 C-CH 4 and δ 13 C-CO 2 values reflect the extent of methanogenesis.
 Building case to trial MECoM in the eastern Surat Basin, Queensland.
